Martepiat03HaBCTBO 39

MATEPIAJIO3HABCTBO

DOI: 10.31319/2519-2884.47.2025.4
UDC 621.89:678.07

Yesikov Kostiantyn, Postgraduate Student, Department of Condensed State Physics

Tomina Anna-Mariia, Candidate of Technical Science, Associate Professor of the Department of
Condensed State Physics

Bashev Valerii, Doctor of Physical and Mathematical Sciences, Professor of the Department of
Condensed State Physics

Bondar Nataliia, Candidate of Technical Science, Associate Professor of the Department of
Condensed State Physics

Dniprovsky State Technical University, Kamianske

€cixoB K.I10., 3100yBau Tpethoro (1oktop dinocodii) piBHS BUIIOT OCBITH,

ORCID: 0009-0005-3792-8253, e-mail: kostyaesikov90@gmail.com

Tomina A.-M.B., k.1.1., noueut, ORCID: 0000-0001-5354-0674, e-mail: an.mtomina@gmail.com
Bbames B.®., 1.¢.-M.H., npodecop, ORCID: 0000-0002-3177-0935, e-mail: bashev_vf@ukr.net
Boupaps H.IL.., k.1.1., nouenat, ORCID: 0009-0007-3151-6367, e-mail: bondar_np@ukr.net
JHInpoBCchKUii nep:kaBHAN TEXHIYHUNA yHIBepcuTeT, M. Kam’ssHCBKe

INFLUENCE OF BINARY ALLOY OF THE AL-MN SYSTEM ON THE TRIBOLOGICAL
PROPERTIES OF ULTRA-HIGH-MOLECULAR-WEIGHT POLYETHYLENE

The article considers the effect of the percentage content of the liquid-quenched dispersed
(50—100 um) binary alloy of the AI-Mn system on the tribological properties of ultra-high-molecular-
weight polyethylene under different operating conditions, such as the action of rigidly fixed abrasive
particles and friction conditions without lubrication according to the “disk-pad” scheme. We discovered
that introducing dispersed particles of a hard (HV = 600 MPa) Al-11.6 % Mn alloy reduces the linear
wear rate by 8.7 times and the abrasive wear index by 1.8 times compared to the pure polymer. The ef-
fect of microreinforcement explains the increase in wear resistance. It provides a uniform distribution of
the applied load in the friction zone and decreases local stresses. Morphological analysis of the friction
surfaces confirmed the formation of a more homogeneous surface layer structure. It is shown that in-
creasing the alloy content to 25—30 wt. % leads to particle agglomeration, the formation of local stress
concentrators, and deterioration of the tribological properties of polymer composites.

Keywords: ultra-high-molecular-weight polyethylene; liquid-quenched Al-Mn alloy; tribologi-
cal properties; abrasive wear index; linear wear rate, hardness.

Pozenanymo ennus emicmy 3aeapmoganozo 3 piokoeo cmary oucnepcroeo (50—100 mxm) binaprozo
cnaagy cucmemu Al-Mn na mpubonoziuni enacmueocmi HAOBUCOKOMONEKYIAPHOLO NOTIEMUNEHY 6 PI3HUX
YMO8AX eKChyamayii: npu Oii HCOPCMKO 3aKPINIEHUX AOPAUBHUX YACOK MA 34 YMO8 mepmst 6e3 3MajeH-
HA 30 CXeMOW «OUCK-KONOOKA». Bemanoeaneno, wo égedentst oucnepcHux yacmox meepoozo (HV = 600
MTla) cnaasy Al-11,6 % Mn syenwye inmencusnicmo niniiino2o snoutyéanns y 8,7 pasié ma ROKA3HUK abpa-
3ueHo20 cmupanna y 1,8 pasa nopienano 3 uucmum nonimepom. 11ioguiyents: 3HoCOCMItIKOCII NOSICHIOEMbCS
eghexmom MIKponiocunenHs, aKuii sabe3neqye piGHOMIpHULL PO3NOOiL NPUKIAOHO20 HABAHMANICCHHS 8 30Hi
mepmisi Ma 3HUNHCEHHL IOKAbHUX Hanpyxcersb. Mopghonoziunuii ananis nosepxons mepms niomeepous ghop-
MY8anHs OibU OOHOPIOHOT cMpYKmMypu nogepxneso2o wiapy. Ilokasano, wo 30inbuents emicmy cniagy 00
25—30 mac.% npuzeooums 00 aznomepayii 4acmox, YMmeopeHHs JOKATbHUX KOHYCHMPAMOpPI6 HANpyiIcetd
ma nO2ipuieHHs MmpubOIOIHUX 61ACMUBOCTNEL NOTIMEPHUX KOMNO3UMIB.

Kouoei cnoea: naosucokoMoaexyIapHuLl oaiemuieH, 3aeapmosanuii 3 piounu cnaas Al-Mn; mpubo-
JIO2TYHI GIACMUBOCI, NOKAZHUK AOPA3UBHO20 CIMUPAHHS, THIMEHCUBHICTb JIIHILIHO20 3HOULYBAHHS, MEEPOICMb.
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Problem’s formulation

Wear is one of the main reasons for the loss of efficiency, and consequently, the reduction in
the durability of the working parts of machines and mechanisms in the agricultural industry. It is
caused by surface damage in almost 90 % of cases. Among these process varieties, adhesive and abra-
sive wear are the most common [1]. The first is associated with the formation and destruction of mi-
crozones of adhesion between contacting surfaces, which in turn leads to their local setting and plastic
deformation. The second is mainly considered a process of mechanical surface destruction due to sig-
nificant force loads and multiple impacts of solid particles, particularly stones, sand, and crop residues
[2]. Therefore, an integrated approach to reducing adhesive and abrasive wear of the working parts of
agricultural machinery is an essential factor in increasing the economic efficiency of the agricultural
sector. Using modern polymer composite materials (PCMs) based on thermoplastic polymers contain-
ing powder fillers (FLs) is one of the most promising ways of implementing it. Using such PCMs al-
lows reducing the number of scheduled and unscheduled preventive maintenance measures for equip-
ment, increasing the durability and reliability of the working parts of machines and mechanisms. In
addition, replacing scarce metals and alloys with PCMs makes it possible to significantly reduce the
labour intensity of their manufacture through high-performance technologies, which provides signifi-
cant savings in resources. Moreover, using injection moulding and compression moulding methods
when manufacturing parts from PCMs, including those of complex configuration, allows for reduced
labour costs and the cost of products by 6 and 9 times, respectively [3—D5].

Analysis of recent research and publications

Materials based on ultra-high-molecular-weight polyethylene (UHMWPE) attract considerable
attention among the known PCMs resistant to the effects of abrasive particles. This polymer is distin-
guished by its low weight in combination with high functional properties, among which it is worth not-
ing resistance to the effects of many aggressive environments (in particular, 50- and 70 % solutions of
hydrochloric acid, diesel fuel, acetone, white spirit), preservation of operability at cryogenic tempera-
tures (73 K), and high water repellency, which prevents freezing and sticking of moisture-containing
materials on its surface. However, specific properties limit the widespread implementation of
UHMWPE. Low wear resistance under adhesive wear conditions, hardness and thermal conductivity,
tendency to plastic deformation under the influence of prolonged loads, and high melt viscosity compli-
cate its processing by injection moulding [6]. We introduced FLs of various nature and form into
UHMWPE in order to improve these characteristics: nanoclay and nanodiamonds, silicon dioxide and
carbide, zinc oxide, zirconium, aluminium and graphene, zeolite, Ti-Al-V alloy, carbon nanotubes, hy-
droxyapatite, anthracite, bauxite, aluminosilicate microspheres, and crucible graphite [6, 7]. Introducing
them into UHMWPE contributes to an increase in wear resistance, hardness, tensile strength, yield
strength, and elastic modulus by several orders of magnitude, which, in turn, expands the scope of prac-
tical application of such PCMs in the manufacture of parts of working bodies of machines and mecha-
nisms of the agricultural industry [8, 9]. Considering the above, searching for new PCM compositions
based on UHMWPE is an urgent task of modern scientific and practical materials science.

Formulation of the study purpose

Taking the above into account, the aim of this work is to study the effect of the percentage
content of the dispersed binary alloy of the Al-Mn system on the tribotechnical characteristics of
UHMWRPE under various operating conditions.

Presenting main material

We used UHMWPE (manufactured by Jiujiang Zhongke Xinxing New Material Co., Ltd,
China) with a molecular weight of 5—5.5 million g/mol, which is characterised by stable functional
properties under the influence of aggressive environments, to create new PCMs. We selected a dis-
persed (50—100 um) Al-Mn alloy as a metal filler. It was quenched from the liquid state at a rate of
~10° K/s and a mass fraction of Mn in the alloy of 11.6 wt. %. It is characterised by a combination of
unique physical and mechanical properties due to a highly supersaturated substitutional solid solution
in the quenched structure, and according to X-ray structural analysis (X-ray diffraction) of the remains
of the peritectic solid phase of AlsMn. We performed X-ray diffraction on a DRON-2.0 diffractometer
in monochromatized Cuk, radiation. The practical absence of solubility of Mn atoms in the Al fcc
lattice characterises the Al-Mn phase diagram. Quenching from the liquid state (QLS) allows signifi-
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cantly increase in the solubility of Mn in aluminium up to 11.6 wt. %, as evidenced by an almost linear
decrease in the Al crystal lattice period (Fig. 1) of the quenched Al-Mn alloy, depending on the man-
ganese content compared to the minimum value a = 0.4033 nm, determined by the line from the (420)
plane. X-ray structural analysis of the QLS of Al-Mn alloys (4.8 wt. % Mn) recorded only the lines of
a single-phase fcc solid substitution solution, which is explained by the complete substitution of Al
atoms by Mn atoms. The sizes of the radii of aluminium and manganese atoms, respectively, 0.143 nm
and 0.13 nm, clearly indicate the type of solid solution [10, 11].
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Fig. 1. Dependence of the crystal lattice period of QLS samples of Al-Mn alloy on the Mn content

The high level of mechanical characteristics of the alloy is due to a significant difference in
the interatomic radii of Al and Mn. Under conditions of non-equilibrium crystallisation, this leads to
the emergence of substantial microstresses in the fcc-Al lattice. Fig. 1 shows that the degree of elastic
deformation of the lattice increases due to the influence of smaller Mn atoms with increased Mn con-
tent. A high level of microstresses (almost up to Aa/a ~ 3,2-10%) confirms this. They also contribute to
an increase in the wear resistance of the UHMWPE. At the same time, the QLS also leads to the crush-
ing of the so-called coherent X-ray scattering regions, which is accompanied by a significant increase
in the dislocation density to 3,5-10* cm, contributing to the rise in mechanical characteristics [10].
The specified parameters of the fine structure (dislocation density and microstresses) positively affect
the level of mechanical properties of materials. According to the method given in [10], we performed
the calculations of the Aa/a parameter of the QLS of the aluminium alloy Al-Mn by the formula:

la p
a 4-t90°
where £ is the integral width of the diffraction line (222); @ is the reflection angle.

We performed the formation of products containing 5—30 wt.% FL according to the regime.
Its method is given in [12]. Using the HECKERT experimental machine, we determined the abrasive
wear index on rigidly fixed abrasive particles with a dispersion of 100 pm for UHMWPE and PCMs
based on it at a fixed load of 10 N [6]. We determined the linear wear intensity of UHMWPE and
PCMs under friction conditions without lubrication during rotational motion according to the “disk-
pad” scheme on the SMC-2 friction machine at a sliding speed of 1 m/s and a load of 1 MPa. We used
a steel (steel 45) cylinder with a diameter of 30 mm, a hardness of 45—48 HRC, and a surface rough-
ness of R, = 0.32 um as a counterbody. The hardness of the UHMWPE and PCMs was determined on
the Rockwell HRR scale using the 2074 TPR device. We analysed the morphology of the friction sur-
faces of the test specimens using a binocular microscope BIOLAM-M in reflected incident light,
which allowed obtaining detailed and high-quality images. The roughness parameters after the tests
were determined on the R, scale using the 170621 probe profilometer. Using the PMT-3M microhard-
ness tester, we measured the microhardness index of the FL at a load of 5 g and a holding time of
20 seconds.
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According to the data given in Tabl. 1, we can see that introducing QLS binary Al-11.6 % Mn
alloy leads to a decrease in the linear wear intensity and the abrasive wear index of the UHMWPE by
8.7 and 1.8 times, respectively. The increase in the wear resistance of the UHMWPE under different
operating conditions is explained by the fact that the hard (microhardness ~ 620 MPa, maximum
strength = 590 MPa) dispersed particles of the ZRS-alloy Al-11.6 % Mn strengthen the surface layer
of the polymer, increasing its hardness by 1.8 times, reducing its susceptibility to microdeformations
and plastic fracture. This is confirmed by a decrease in microroughnesses (see Fig. 2) and the for-
mation of a more uniform and dense structure of the friction surface, which correlates with a reduction

in surface roughness after testing by 1.7 times.

Table 1. Functional properties of UHMWPE and PCMs based on it

Index Filler content, wt. %

0 5 10 15 | 20 | 25 | 30
Linear wear rate *, I,-107 158|111 6,2 | 26 | 18 | 24 | 65
Abrasive wear index*, Vi, mm3/m 1,36 11,02 (0,82 | 0,76 | 0,74 | 0,85 | 0,97
Hardness HRR, hardness units 32 37 41 48 57 51 47
Friction surfaces roughness ***, R,, um:
- under friction conditions without lubrication 2141193 |1,72 11,47 (1,23|1,31|1,62
- under the influence of rigidly fixed abrasive particles | 2,57 | 2,27 | 1,96 | 1,84 | 1,80 | 2,01 | 2,23

* average value of at least 3 experiments
**average value of 5 cycles of experiments

***average value of at least 12 measurements

b

Fig. 2. Friction surfaces (x200) of pure UHMWPE (1) and its composite (2) containing
20 wt. % Al-11.6 % Mn under friction conditions without lubrication (a) and on rigidly attached abra-

sive particles (b)
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In addition, the presence of finely dispersed Al-Mn particles in the volume of the UHMWPE
creates a micro-reinforcement effect: the applied load during contact with abrasive particles and a steel
counter body is evenly distributed over the friction surface. This, in turn, reduces local stresses and
temperature in the contact zone, minimising the likelihood of adhesive wear. Morphological analysis
of the friction surfaces confirms the obtained data. For pure UHMWRPE, traces of plastic deformation
and a zone of adhesion with a steel counter body are characteristic, which indicates the predominance
of the adhesive wear mechanism. In the case of PCMs with a content of 20 wt. % FL, the surface is
characterised by a more homogeneous microstructure, a smaller number of defects and depth of dam-
age. This indicates a decrease in the adhesive component of the friction force and a transition to a pre-
dominantly pseudoelastic wear mechanism.

Another factor that contributes to improving the tribological properties of UHMWPE is the
ordering of its supramolecular structure, which is due to the reduction of the amount of amorphous
phase. This leads to an increase in the degree of crystallinity of the material, improved intermolecular
interaction, and a more uniform distribution of the load during friction. From Fig. 3, we can see that
the unfilled UHMWPE consists of an orthorhombic phase (a = 0.7446 nm, b = 0.4980 nm, ¢ = 0.2476 nm),
(planes (110), (200), (210)) and an amorphous halo.

I/l
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Fig. 3. X-ray diffraction pattern of ultra-high-molecular-weight polyethylene from Jiujiang
Zhongke Xinxing New Material Co
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Fig. 4. Diffraction pattern of the binary alloy of the Al-Mn system

The diffraction pattern of the Al-11.6 % Mn alloy (see Fig. 4.) shows that it consists of a mix-
ture of two phases, which are supersaturated aluminium and the AlsMn phase. The blued aluminium
represents the fcc lattice with a reduced period to 0.4033 nm and a peritectic AlgMn phase. The latter
forms from the liquid state due to achieving significant supercooling of the melt under QLS condi-
tions. A feature of the diffraction pattern of the Al-Mn ZRS alloy is the redistribution of the intensity
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of the fcc lattice lines: namely, a significant excess of the intensity of the (111) lines compared to the
(200) line, almost 10 times, which is due to the appearance of a texture: the predominant crystalliza-
tion of the fcc lattice by the (111) plane on the surface of the cooling substrate.

It is worth noting that the most significant improvement in the tribological properties of
UHMWPE is observed when introducing 20 wt. % FL. Further increase in its content (25—30 wt. %)
leads to a deterioration of the studied indicators due to the formation of local stress concentrators in
the polymer matrix. This, in turn, reduces the uniformity and strength of the surface layer, facilitating
the development of cracks and grooves during friction. The main reason for this phenomenon is the
agglomeration of particles of the binary Al-11.6 % Mn alloy.

The distance between the particles decreases at a high FL content, and intermolecular interac-
tions (particularly Van der Waals forces) begin to prevail, contributing to their adhesion. An increase
in the number and size of agglomerates, in turn, reduces the number of active centres of "FL-
UHMWRPE" interaction, which weakens the effect of microreinforcement.

Conclusions

We established that introducing dispersed particles of the liquid-hardened Al-11.6 % Mn alloy
contributes to an increase in the wear resistance of UHMWPE under various operating conditions:
under the influence of rigidly fixed abrasive particles and friction conditions without lubrication ac-
cording to the “disk-pad” scheme. The increase in functional properties is due to the effect of polymer
microreinforcement by introducing hard (HV = 600 MPa) alloy particles that strengthen the surface
layer. An increase in hardness by 1.7 times compared to pure UHMWPE confirms this. A composite
with a binary Al-Mn alloy content of 20 wt. % can be recommended for manufacturing working parts
of machines and mechanisms of the agricultural industry, which occurs under conditions of combined
adhesive and abrasive wear.
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BIIJIMB BIHAPHOI'O CIIJIABY CUCTEMMU AL-MN HA TPUBOJIOTI'TYHI
BJIACTUBOCTI HAABUCOKOMOJIEKYJIAPHOI'O TIOJIETUJIEHY

Pedepar

KomrutekcHwmii miaxia 10 3MEHIIeHHS aire3iifHOro Ta abpa3uBHOTO 3HOIIYBAaHHS POOOYUX Op-
TaHiB CUILCHKOTOCIIOAPChKOT TEXHIKH € BXKJIMBUM YHHHUKOM IIJIBUINEHHS IX TOBrOBIYHOCTI Ta 3ara-
JHLHOT €EKOHOMIYHOI e(hDeKTHBHOCTI arpapHoro ceKTopy, OCKinbku Maiike 90 % BUMaAKIB mepea4acHOro
BUXOJy 3 JIaJy IIOB’si3aHi came 3 TOBEPXHEBUM pyHHYBaHHAM. OTHHUM i3 HalOLTBII MEPCIIEKTHBHUX
NUIAXIB BUPIMIECHHS i€l TPOOJIEMH € 3aCTOCYBAaHHS CYYaCHUX IOJIMEPHHUX KOMITO3UIIIHHIX MaTepia-
JiB HA OCHOBI TEPMOIUIACTUYHUX ITONIMEPiB, 30KpeMa HaJBHCOKOMOJICKYIISIPHOTO MOJIETUIIEHY, MO-
JU(IKOBaHOTO MOPOIIKOBUMH HANOBHIOBAauYaMH. Y CTaTTi PO3IJISIHYTO BIUIMB BiJICOTKOBOTO BMICTY
3arapToBaHOro 3 pifkoro crany aucrnepcHoro (50—100 Mxm) GiHapHOTO crutaBy cuctemMu Al-Mn Ha
TpUOOJIOTIYHI BJIACTHBOCTI HAJABHUCOKOMOJICKYJISPHOIO IMOJIIETWICHY B PI3HMX yMOBax €KCILIyaTallii:
NpY Ji1 )KOPCTKO3aKPIIJIEHNX a0pa3WBHUX YaCTOK Ta 32 YMOB TEPTs O€3 3MAICHHS 32 CXEMOIO «JIHCK-
KOJIOZIKa». BcTaHOBNEHO, 10 BBEIEHHS AMCIIEPCHUX YacTOK TBepnoro cmiaBy (HV = 600 MIla) mo-
3BOJISIE CYTTEBO 3MEHIIINTH IHTEHCUBHICTD JIiHIITHOTO 3HOIIYBaHH (y 8,7 pa3iB) Ta MOKa3HUK abpa3uB-
Horo ctupanHs (y 1,8 pa3u) MopiBHSHO 3 YHCTUM ToMiMepoM. [TiIBUIIEHHS 3HOCOCTIHKOCTI MOSICHIO-
€ThCS ePEeKTOM MIKPOIIiICHIIEHHS, 10 3a0e3reuye piBHOMIpHHN PO3IMOALT MPUKIAJCHOTO HAaBaHTa-
JKEHHS Yy 30HI KOHTAKTy, 3HIDKCHHS JIOKaJbHUX Harpy>KeHb Ta 3MEHLICHHS WMOBIPHOCTI YTBOPEHHS
MiKpOTpitiH. MophoNoriuHMiA aHalli3 TOBEPXOHb TEPTS MiATBEPIUB (POPMYBaHHS O1IbII OJHOPITHOT
Ta CTAaOUIBLHOI CTPYKTYPHU MOBEPXHEBOI'O IIapy KOMITO3UTY. BogHOYAC MMOKa3aHo, 1110 301IbIICHHS BMi-
cTy cmaBy nonay 20 mac.% NPU3BOAMTE 10 arjoMepalii 4acToK y MOJIMEpHIH MaTpHLi, YTBOPEHHS
JIOKaJIbHUX KOHIIEHTPATOPIB HAMPYKEHb Ta, SIK HACIIJ/IOK, 10 TOTipIIEHHS TPHOOJIOTTYHUX XapaKTepH-
ctuk. KoMmo3ur i3 epeKTHBHUM BMicTOM OiHapHOTO cruaBy cuctemMu Al-Mn 20 mac.% mMoxHa peko-
MEHJIyBaTH I BUTOTOBJICHHS POOOYMX OpraHiB MamllH i MEXaHi3MiB arpapHoi MPOMHUCIOBOCTI, €KC-
TUTyaTalisl sSIKMX BiIOYBA€eThCS B yMOBaX KOMOIHOBAaHOTO aare3iiHOro Ta abpa3suBHOTO 3HOIYBAaHHSI.
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